In the present study, expanded graphite (EG) was prepared with 50 mesh crude graphite through chemical oxidation and its adsorption kinetics and thermodynamic characteristics for polyethylene glycol (PEG) with different molecular weight (MW) in aqueous solution was investigated. We studied the influence of initial PEG concentration, temperature, pH and ionic strength on adsorption capacity. Langmuir constants and Gibbs free energy change (∆G°) were calculated according to experimental data, respectively. Thermodynamic study indicates that all the equilibrium adsorbance increase with the rise in ionic strength. However, solution acidity does not have an obvious effect. Adsorption of EG for PEG with different MW is all types and PEG molecule lies flat on EG surface. Adsorption processes are all spontaneous. Kinetic studies show that the kinetic data can be delineated by pseudo second-order kinetic model. Second-order rate constants and the initial adsorption rate rise with the increasing of temperature and half-adsorption time decreases with the increasing of temperature. The adsorption activation energy of each PEG is less than 30 kJ mol −1 , physical adsorption is the major mode of the overall adsorption process.
Introduction
Polyethylene glycol (PEG) is widely applied in industries, such as medicament, metal forming, cosmetics and food. However, the wasted medicament solution may become one of the major wastewater sources in industry because the main components of the some minor additives such as PEG, which is a neutral surfactant and acts as a drug stabilizer 1 . The principal treatment methods of PEG wastewater are biodegradation 2 , chemical oxidation 3 , and adsorption treatment such as adsorption into activated carbon 4 , 5 or hydrophobic zeolite 6 .
In wastewater treatment, it is well known that adsorption process has been considered available method for eliminating organic pollutants. In the adsorption of PEG with active carbon as adsorbent, Zhao et al 4 reported the adsorbed molecules lay flat on active carbon surface and isotherms are all Langmuir type. Chang et al 5, 6 indicated a high adsorption capacity of 303 mg·g -1 for PEG with an average MW of 6000 from copper electroplating solutions at 288-313 K. While a long equilibrium period of 14 days needed.
Activated carbons are the most widely used adsorbent in the removal or recovery of organic compounds from liquid-phase streams due to their large surface area and nearly non polar surface 7 , they still present some disadvantages such as flammability, difficult to regenerate highboiling organics and promoting polymerization of some polymerizable mixtures.
Expanded graphite (EG) is a kind of new adsorbent; it can be prepared with chemical method or electrical chemical method. The pore in EG ranges from several nm to hundreds µm and it can be described using a 4-level model 8 . EG has been attracting attentions of scientists and engineers as an absorbent with a high adsorption capacity for organic materials, such as heavy oil and biomedical molecules [9] [10] [11] [12] [13] [14] . The research group of Pang has studied the adsorption capacities of EG for oil, dyes, aromatic sulfonates [15] [16] [17] , results indicate EG show definite adsorption capability for these organic substances, especially for oils. Both adsorbate molecular weight and molecular structure affected sorption type, saturation adsorbance.
Contrast to the adsorption on activated carbon, basic study of PEG on EG is scarce. Therefore, aim of this work is to study the adsorption equilibrium and adsorption kinetics of EG for PEG with different MW in water solution and do further evaluation of applicability of common isotherm models (i.e., Langmuir and Freundlich) and pseudo-second-order rate model.
Experimental
EG is prepared according to literature 18 and its pore distribution was detected by with Auto Pore II 9220 Mercury Porosimeter (Micromeritics Inc. USA) under the condition of 0.58~1301PSIA. Results given in Table 1 show pores in EG are mainly micron pore and the detected total pore area appear too higher than that of BET method 19 . 
Adsorbates characteristic
Adsorbates used in experiment were PEG with different MW of 1000, 4000, 10000, 20000, respectively. Simulated PEG wastewaters were prepared by dissolving PEG in distilled deionized water at various concentrations. In quantitative analysis 20, 21 , Dragendoff was used as colored reagent of PEG and absorbance of the colored complex (color reaction lasted 10 min) was detected with T6 New Century UV spectrophotometry (Puxi Tongyong Instrument Limited Company of Beijing). Absorbance values were recorded at the wavelength for maximum absorbance (λ max ) (as listed in Table 2 ) and its solution was initially calibrated for concentration in terms of absorbance units. 
Adsorption kinetics of PEG
Adsorption kinetics experiments were carried out using a HZS-D shaking water bath (Donglian Haerbin, China) with a shaking speed of 100 rpm/min. A series of desired PEG concentration and fixed 100.0 mL were placed in vessels, where they were brought into contact with EG at 5 °C, 25 °C and 45 °C, respectively. Amount of PEG captured by EG at different time was determined as equation (2):
2) q t Accumulative adsorbance of adsorbate on EG at the moment of t; mg/g; C t Concentration of PEG in solution at the moment of t; mg/L;
Results and Discussion

Investigation of adsorption isotherm and thermodynamic parameters
Static adsorption capacities of EG for PEG (1000, 4000, 10000, 20000) were measured. Figure 1 illustrates a typical I type isotherm just as the adsorption of linear herring sperm DNA on EG 9 . The planar structure and large molecules of PEG might form certain kinds of conformation on the surface of EG, which might reduce the adsorbed sites and make the further adsorption difficult. As shown in Figure 1 (b), adsorbance decreases with the increase of PEG MW. Similar result was obtained as the adsorption of active carbon for PEG 4 . But adsorption capability of EG is lower than that of active carbon, the results testify the sieve effect. (3) and (4) were used to treat the isotherm data. The molecule area (a) of PEG was calculated according to q 0 and total pore area as shown in Table 3 .
Langmuir equation As shown in Table 3 , Langmuir isotherm gives a better fit than Freundlich isotherm. It's just the same as the adsorption of active carbon for PEG. There is an almost linear relationship between PEG MW and PEG molecule area (Figure 2 ). Results suggest PEG molecule lies flat on the EG surface 4 . PEG with high MW has a small A and strong appetency with EG. At the same time, adsorption free energy change (∆G°) of the adsorption process was calculated according to equation (5) 23 , negative ∆G° (Table 4) indicates that adsorption of these reference compounds on EG are all spontaneous. 
Influence of ion strength on adsorption capacity
Influence of ion strength on adsorption capacity is investigated using a 100 mg/L PEG (10000, 20000) solutions which contain NaCl or Na 2 SO 4 with concentration ranging from 0 to 50 mg/L. The results are shown in Figure 3 . It briefly indicates that the presence of NaCl, Na 2 SO 4 can improve the adsorption capacity of EG for PEG and the influence of Na 2 SO 4 is more obvious than that of NaCl. The results may be caused by the following reasons: the electrostatic interaction between PEG and adsorbent decreased with the increase in ionic strength for the suppression of the electric double layer 24 and hydrophobic attraction of PEG increases due to the "salting-out" effect. 
Influence of pH on absorbency and adsorption capacity
pH of solution is adjusted with HCl or NaOH. Investigation results show pH has no obvious influence on both PEG absorbency and adsorbance.
Adsorption kinetic
Equilibrium time
Influence of PEG (4000, 10000, 20000) concentration and temperature on adsorption equilibrium time was detected and shown in Figure 4 -6. Results suggest that adsorbance is the function of PEG concentration, temperature and adsorption time. Adsorption rate increases with the increasing of temperature, which might be caused by the change of solution viscosity under different temperature. In kinetic experiment, different adsorption equilibrium times were used for different PEG under different temperature. 
Adsorption kinetic models
Both pseudo first and second order adsorption models were used to describe the adsorption kinetics data 25 . In both models, all the steps of adsorption such as external diffusion, internal diffusion and adsorption were lumped together and it is assumed that the difference between the average solid phase concentration and the equilibrium concentration is the driving force for adsorption and the complete adsorption rate is proportional to either the driving force (as in the pseudo first order equation) or the square of the driving force (as in the pseudo second order equation Since q reaches q e at equilibrium, q values smaller than 0.9q e were used for analysis. Plots of ln(q e −q) versus t and t/q versus t were used to test the first and second order models and the fitting results are given in Table 5-7. As for the line curve fit, second order model gives higher correlation coefficients than first order model. And q e,cal corresponding to second order model, agrees more well with experimental data except at 5 °C or lower PEG concentration. Thus, second order model is more suitable to describe the adsorption kinetics data. Similar results were observed in the adsorption of EG for Basic fuchsine and Auramine lake yellow O 26 and zeolite for PEG 13 . Based on the second order model, initial adsorption rate and half-adsorption time were estimated according to equations (8) and (9):
u Initial adsorption rate, mg/(g·min); t 1/2 half-adsorption time (min).
Half-adsorption time t 1/2 is often used as a measure of the adsorption rate. As shown in Table 8 -10, u is found to increase with the increase of initial PEG (4000, 10000, 20000) concentration and temperature and t 1/2 decrease with the increase of temperature. Secondorder rate constants are used to estimate activation energy of PEG adsorption on EG using Arrhenius equation 27 :
Lnk=LnA-Ea/(RT) (10) A The re-exponential factor, (g·mg -1 ·min -1 ); Ea Activation energy, (kJ/moL) Slope of lnk versus 1/T is used to evaluate Ea, which is found less than 40.0 kJ·mol −1 (Table 8-10) . So, the adsorption is mainly physical adsorption. Similar results were observed in adsorption of EG for dyes of Basic fuchsine and Auramine lake yellow O 26 . 
Internal diffusion analysis
Adsorption process on a porous adsorbent generally involves three stages: (i) external diffusion; (ii) internal diffusion (or intra-particle diffusion); (iii) actual adsorption 23 . Quantitative treatment of experimental data may reveal the predominant role of a particular step among the three that actually governs the adsorption rate. Adsorption step is usually very fast for the adsorption of organic compounds on porous adsorbents in comparison to the external or internal diffusion step 27 and it is known that the adsorption equilibrium is reached within several minutes in the absence of internal diffusion 28 . Thus, the long adsorption equilibrium time of PEG on EG (40~180 min corresponding to adsorption temperature of 5~45 °C) suggests that the internal diffusion may dominate the overall adsorption kinetics.
To provide definite information on the rate-limiting step, an internal diffusion model based on Fick's second law is used to test if the internal diffusion step is the rate-limiting step 23 :
According to the internal diffusion model, a plot of q versus t 1/2 should give a straight line with a slope k id and an intercept of zero if the adsorption is limited by the internal diffusion process. The relationships between q of PEG (4000, 10000, 20000) and t 1/2 at different temperature are shown in In the range of the tested temperature, a linear relationship between q versus t 1/2 with a zero intercept is found when the temperature is not high, which suggests internal diffusion step dominates the adsorption process before the equilibrium is reached. 
Conclusion
Adsorption of EG for PEG with different MW has been investigated. The results are summarized as follows: (1) The same as active carbon, adsorption isotherms of EG for PEG can be well described with Langmuir equation. But the adsorption equilibriums are faster than active carbon, and adsorption capacity of EG is lower than that of active carbon. (2) Adsorption of EG for PEG is spontaneous, adsorption isotherm (1000, 4000, 10000, 20000) is type I, and PEG molecule lies flat on EG surface. (3) Adsorption kinetics of EG for PEG can be described by pseudo-second-order model equation. Equilibrium time and half-adsorption time t 1/2 decreases with the increase of temperature. The adsorption belongs to physical adsorption, and internal diffusion is tested to be the rate-limiting step of the complete adsorption process.
